Many current treatments for the reclamation of contaminated water sources are chemical-intensive, energy-intensive, and/or require posttreatment due to unwanted by-product formation. We demonstrate that through the integration of nanostructured materials, enzymatic catalysis, and iron-catalyzed free radical reactions within pore-functionalized synthetic membrane platforms, we are able to conduct environmentally important oxidative reactions for toxic organic degradation and detoxification from water without the addition of expensive or harmful chemicals. In contrast to conventional, passive membrane technologies, our approach utilizes two independently controlled, nanostructured membranes in a stacked configuration for the generation of the necessary oxidants. These include biocatalytic and organic/inorganic (polymer/ iron) nanocomposite membranes. The bioactive (top) membrane contains an electrostatically immobilized enzyme for the catalytic production of one of the main reactants, hydrogen peroxide (H 2 O 2 ), from glucose. The bottom membrane contains either immobilized iron ions or ferrihydrite/iron oxide nanoparticles for the decomposition of hydrogen peroxide to form powerful free radical oxidants. By permeating (at low pressure) a solution containing a model organic contaminant, such as trichlorophenol, with glucose in oxygen-saturated water through the membrane stack, significant contaminant degradation was realized. To illustrate the effectiveness of this membrane platform in real-world applications, membrane-immobilized ferrihydrite/iron oxide nanoparticles were reacted with hydrogen peroxide to form free radicals for the degradation of a chlorinated organic contaminant in actual groundwater. Although we establish the development of these nanostructured materials for environmental applications, the practical and methodological advances demonstrated here permit the extension of their use to applications including disinfection and/or virus inactivation.
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enzyme catalysis | functionalized membranes | pollutant | microfiltration | responsive materials P roviding access to safe drinking water has been identified as one, and possibly the most important, of the grand challenges facing scientists in the 21st century (1) . The contamination of groundwater aquifers by toxic organic compounds is a widespread problem that prevents these potentially potable sources from being used for drinking water. In the United States, approximately two-thirds of the over 1,200 most serious hazardous waste sites in the nation are contaminated with trichloroethylene (TCE), a potentially carcinogenic compound. TCE and 2,4,6-trichlorophenol (TCP), a carcinogenic and persistent pollutant, represent the large class of chlorinated organics responsible for the contamination of many potential drinking water sources around the world.
Recent advances in membrane technology have led to an increased use of synthetic membranes for water treatment including the removal of viruses and unwanted chemicals from contaminated sources of water (2) . Traditionally, synthetic membranes have been used as permeable barriers for the physical separation of two bulk phases, permitting the transport of solutes based on size or differences in diffusion/sorption rates. With the intent of imitating the multiple functionalities characteristic of naturally occurring membranes, various polymers, biological compounds, nanostructures, and functional groups have been incorporated onto the surfaces of synthetic membranes, extending their applicability to more advanced separation processes (3-9) and catalysis (10) . By functionalizing these membranes with a stimuli-responsive polymer present as either grafted chains or a cross-linked network, the dimensions of the pores can be controlled by simple modulation of the stimulus (light, pH, ionic strength, etc.) resulting in the formation of a controllable nanoporous structure (11) . When operated under pressure-driven convective flow, these membranes provide reactants rapid access to active sites, thereby minimizing the mass transfer limitations associated with other high surface area-to-volume materials. Nonetheless, these processes can be energy-intensive and the resulting concentrated waste stream must undergo further processing.
Various chemical-based treatment technologies also exist for the detoxification of contaminated water sources. Advanced oxidative reactions require the generation of free radicals, the highly reactive nature of which has been well-documented in medical literature (12) , that can be utilized for the degradation of various pollutants (13) and disinfection (14) . A well-known method of producing free radicals is via the reaction of either iron ions (Fe 2þ ∕Fe 3þ ) or ferrihydrite/iron oxides with hydrogen peroxide (H 2 O 2 ) (13, 15). The main reaction for the formation of free radicals from Fe 2þ and H 2 O 2 is as follows (15):
where OH• is the hydroxyl radical. Although additional propagation reactions take place during this process (13) (SI Text), hydroxyl radicals are responsible for the majority of contaminant degradation, which proceeds as follows for a chlorinated organic compound, A (16):
where I represents the intermediate compounds formed and P represents the oxidized products of the chlorinated organics. Although these free radical reactions are highly effective for degrading organic contaminants, they may require the addition of expensive reagents and downstream processing. However, by integrating the oxidative reactions into a membrane-based process through the use of uniquely functionalized membranes in sequential configuration (17), we are able to minimize the disadvantages associated with the individual processes. Herein, we synthesized reactive nanostructured stacked membrane systems with tunable pore size in order to conduct environmentally important toxic organic oxidative degradation reactions by using glucose as the source of H 2 O 2 (Fig. 1A) . By synthesizing H 2 O 2 in the pores of the top membrane, we are able to regulate its generation, thus eliminating unnecessary waste. In order to achieve this, the pores of the top membrane were functionalized using a versatile polycation/polyanion layerby-layer (LbL) assembly technique (18) (19) (20) (21) for the immobilization of negatively charged glucose oxidase (GOx), which converts glucose and oxygen to H 2 O 2 and gluconic acid (22) (Fig. 1B) . These products are convectively transported to the bottom membrane where H 2 O 2 reacts with the bound iron species (iron ions or ferrihydrite/iron oxide nanoparticles) contained within a poly (acrylic acid) (PAA) network, forming the free radicals necessary for contaminant degradation (Fig. 1D ). This PAA network is a pH-responsive gel, providing the opportunity for controlled opening and closing of the membrane pores ( Fig. 1 C and D) . Furthermore, to extend this work to real-world applications, we used groundwater from a contaminated aquifer to demonstrate how ferrihydrite/iron oxide nanoparticles synthesized within these PAA-functionalized membranes are capable of oxidizing toxic organics in the presence of H 2 O 2 .
Results and Discussion
Functionalizing the pores of a support membrane with PAA creates a nanostructured material ideal for iron ion immobilization (for reaction with H 2 O 2 ) due to its high ion exchange capacity (23) and the stability of immobilized iron ions in the presence of other cations (SI Text). To synthesize this membrane, a network of PAA was created within the pores of a poly(vinylidene fluoride) (PVDF) membrane using a simple in situ polymerization technique. Given the variability associated with this process, it is important to ascertain the uniformity of the PAA coating within the PVDF membrane. A cationic fluorescent dye, thionine, was bound to the carboxylate groups of PAA via ion exchange for subsequent analysis with confocal laser scanning microscopy (CLSM). Through the use of CLSM, we are able to observe thionine binding through the depth of the membrane while in a hydrated state and without altering the membrane structure. The CLSM images in Fig. 2A constitute the average fluorescence of multiple images taken at different depths throughout the PVDF-PAA and unmodified PVDF membranes (SI Text). The fluorescence of the blank PVDF membrane was much lower in intensity than the PVDF-PAA membrane and was due to the background fluorescence of the membrane itself and/or physically adsorbed thionine, indicating the presence of PAA throughout the PVDF-PAA membrane pores. SEM images of the crosssection (no thionine) of the dried membrane (Fig. 2B ) provided visual evidence of the PAA coating. The presence of PAA in the membrane pores was further verified through the detection of oxygen via energy dispersive X-ray (EDX) analysis (Fig. S1) .
The pH-responsive behavior of the PAA network (pK a ∼ 4.7) permits controlled opening and closing of the PAA-coated membrane pores (24) . This can be used to bring immobilized reactants into closer proximity to the feed solution permeating through the membrane, vary the residence time, or remove entrapped precipitates from the membrane pores (by collapsing the PAA domain at lower pH). In addition to tuning pore size via pH alterations, divalent cation (Fe 2þ and Ca 2þ ) capture for the modulation of water flux through the membrane was investigated. Fig. 3 shows the cumulative quantities of Ca 2þ and Fe 2þ captured in the membrane during operation under convective flow as well as the effect this had on the water flux through the membrane. Within the first 5 min, a slight drop in pH was observed, accounting for the initial increase in flux. However, once the pH of the permeate had stabilized at approximately 4.4, the flux continued to increase with time. Because of the increased shielding of the negatively charged carboxylate groups by divalent cations in comparison to the displaced monovalent cations (Na þ and H þ ) (25) , their capture resulted in increased water flux through the membrane, indicating a collapse of the PAA gel.
By immobilizing iron ions in the PVDF-PAA domain, the iron-functionalized membrane provides the platform needed for the generation of free radicals from H 2 O 2 . Previous work has shown the generation of free radicals within PVDF-PAA-Fe 3þ membrane pores to be effective for the degradation of pentachlorophenol in water (23) . In order to ensure that Fe 2þ was being captured by the PAA network and not precipitating in the membrane pores, it was necessary to monitor the release of the cation displaced by Fe 2þ during ion exchange. For this reason, and to prevent pH drop during Fe 2þ capture, the PVDF-PAA membranes were preloaded with Na þ (PVDF-PAA-Na þ ). It was observed that for every mole of Fe 2þ captured, approximately 2 mol of Na þ were released, indicating successful capture in the PAA domain. During loading, Fe 2þ was immobilized through the entire thickness of the membrane, as confirmed by EDX (Fig. S1 ). It is important to note that there was no evidence of iron precipitation during loading and no leaching of iron from the membrane was detected during experimentation. Although immobilized Fe 2þ was shown to be less stable than Fe 3þ in the presence of Ca 2þ (SI Text), its increased rate of OH• production from H 2 O 2 in comparison to Fe 3þ in the solution phase could make it more suitable for contaminant degradation in the membrane domain.
Although the possibility exists to reduce Fe 3þ to Fe 2þ via addition of a reducing agent, the unloading and reloading of iron can be easily achieved due in part to the pH responsiveness of the gel. To demonstrate the ease with which the iron ions can be unloaded from these membranes, two membranes, one containing Fe 2þ and the other containing Fe 3þ , were added to separate solutions under acidic conditions, resulting in the release of the iron ions from both membranes. Fe 2þ was subsequently recaptured within the PAA gel with no detectable loss of ion exchange capacity (see Table S1 ).
The PVDF-PAA membrane is valuable not only for the immobilization of iron ions, but also, through the addition of a layer of positively charged poly(allylamine hydrochloride) (PAH), for the immobilization of negatively charged GOx (pI ¼ 4.2) at near-neutral pH (26) (PVDF-PAA-PAH-GOx) (Fig. 4) . Previous work has shown that immobilization of enzymes via electrostatic interaction provides stability comparable to covalent attachment, yet maintains high activity more characteristic of the enzyme in solution (26) . Although this PVDF-based system is suitable for the generation of H 2 O 2 , here, we demonstrate how another readily available supporting material, regenerated cellulose (RC), can be functionalized and used for the same purpose (Fig. 4) . A net positively charged LbL assembly was created within the RC membrane pores through the covalent attachment of a layer of poly(L-lysine-hydrochloride) (PLL) to the epoxide-activated RC followed by the addition of alternating layers of poly(styrene sulfonate) (PSS) and PAH (RC-PLL-ðPSS-PAHÞ 3 or RC-LbL) by electrostatic interaction, providing an ideal platform for the immobilization of negatively charged GOx (RC-LbL-GOx) (Fig. 4 and SI Text). The activity of the immobilized GOx, as measured by H 2 O 2 production under convective flow, was constant at a fixed residence time (flow rate) (Fig. S2) . By varying the concentration of glucose in the feed, the quantity of H 2 O 2 produced can be easily manipulated, as indicated by the steady-state concentrations of H 2 O 2 in the permeate. No leakage of GOx was detected during these experiments, demonstrating the stability of the immobilized GOx inside the RC-LbL membrane. After multiple uses, the GOx lost a small amount of activity; however, the LbL assembly allows for the reintroduction of fresh GOx to compensate for this loss in activity.
To demonstrate the effectiveness of the nanostructured stacked-membrane system, the oxidative degradation of TCP was carried out with a configuration consisting of the RC-LbL-GOx membrane on top of the PVDF-PAA-Fe 2þ membrane (Fig. 5A ). The process began by convectively permeating an oxygen-saturated solution of TCP and glucose through the top membrane where GOx converts glucose and oxygen to H 2 O 2 and gluconic acid, leaving TCP unaffected. Upon entering the bottom membrane, H 2 O 2 reacts with the immobilized Fe 2þ (reaction 1), generating hydroxyl radicals that react with TCP (reaction 2). Although it is feasible to create a single membrane with both GOx and Fe 2þ immobilized, it was necessary to use two separate membranes so as to avoid the deactivation of the enzyme by free radicals. Maintaining positive pressure drop across the membrane stack prevents free radicals from entering the top membrane.
Using a constant residence time, the initial conversion of TCP was 100%, but decreased with time, reaching 55-70% after 30 min (Fig. 5B) . This decrease in TCP conversion is characteristic of these PVDF-PAA-Fe 2þ membranes as the immobilized Fe 2þ is converted to Fe 3þ , reducing the rate of H 2 O 2 decomposition and hence free radical production ( Fig. S3 and SI Text) . Note that each time point in Fig. 5B represents the steady-state conversion of TCP for the particular ratio of Fe 2þ ∶Fe 3þ that is present in the membrane at that time. As the free radical degradation of TCP progresses, various intermediates are formed and the attached chlorine atoms are released from the molecule as chloride ions. Chloride formation and TCP concentration in the permeate were monitored to ensure degradation via oxidation (Fig. 5B) . Although the TCP conversion initially decreased, the ratio of mole Cl − formed to mole TCP reacted remained relatively constant (approximately 2) through the entire experiment, indicating significant TCP degradation (maximum Cl − released per TCP molecule is 3). The TCP conversion can be easily adjusted by varying the amount of iron loading, the rate of H 2 O 2 production, the pore size via change in stimulus, the thickness of the membranes used, and/or residence time through pressure modulation. It should be noted that these residence times are calculated for the entire membrane, not individual pores (SI Text).
Although the bottom membrane in this stacked configuration contains iron ions, various forms of ferrihydrite/iron oxide nanoparticles can be synthesized in the membrane domain for similar oxidative reactions. These nanoparticles provide greater reaction rates than their bulk counterparts (27) , and with the addition of H 2 O 2 , many of these oxides are capable of catalyzing the oxidative degradation of organic compounds (28) . Furthermore, by using membranes impregnated with these inexpensive catalysts, additional separations for nanoparticle removal can be avoided. Our previous work has demonstrated the effective reductive dechlorination of contaminants via the use of zero-valent iron and bimetallic nanoparticles immobilized in the membrane domain (29) . However, a wider range of contaminants can be detoxified by using the oxidants formed from the reaction of a different iron-based nanoparticle, ferrihydrite/iron oxide, and H 2 O 2 . Additionally, the efficiency with which these materials utilize H 2 O 2 (i.e., mole contaminant degraded per mole H 2 O 2 consumed) depends on the structure and surface chemistry of the iron oxides (28) . At near-neutral pH, this efficiency could be higher for the iron oxide nanoparticles than similar materials used for H 2 O 2 decomposition, thereby making their use advantageous.
Whereas other methods use elevated temperatures for ferrihydrite/iron oxide synthesis within a porous, ion exchange membrane structure functionalized via photografting (30) , here, we synthesize ferrihydrite/iron oxide nanoparticles within an easily fabricated PVDF-PAA membrane at room temperature using one of two methods. The first entails direct precipitation of the iron species within the membrane pores; the second requires the synthesis of zero-valent iron nanoparticles within the membrane pores, which then undergo deliberate oxidation to form Fe∕ Fe x O y core/shell nanoparticles. Analysis of the membranes via Mössbauer spectrometry confirmed the presence of ferrihydrite/iron oxide (Fig. 6A) for both methods (SI Text). The average nanoparticle diameter for the first and second synthesis methods were determined by SEM to be 37 AE 14 nm (Fig. 6B ) and 53 AE 17 nm (base nanoparticle diameter) (Fig. 6C) , respectively. The PVDF-PAA membrane serves to limit nanoparticle aggregation, prevent nanoparticle loss, and permit the recapture of the iron ions as the nanoparticles dissolve, providing an opportunity to resynthesize the nanoparticles in the membrane domain.
In order to demonstrate the applicability of this technology to the remediation of contaminated water, PVDF-PAA membranes with immobilized Fe∕Fe x O y nanoparticles (8.7 AE 0.4 mg Fe as Fe∕Fe x O y ) and H 2 O 2 (40 mmol∕L) were added to groundwater collected from the areas surrounding the US Department of Energy Paducah Gaseous Diffusion Plant Superfund Site. H 2 O 2 was added to the solution in the reaction vessel containing the PVDF-PAA membranes with immobilized Fe∕Fe x O y nanoparticles and 0.28 mmol∕L TCE to initiate the reaction. The degradation of TCE due to the membrane-immobilized Fe∕Fe x O y nanoparticles was 71 AE 3% in the groundwater sample compared to 80 AE 11% in deionized water after 33 h. This degradation was confirmed by the generation of approximately 3 mol chloride∕ mol TCE degraded, indicating successful removal of TCE even in the presence of natural groundwater constituents. This long reaction time represents the worst-case scenario of the composite membrane reactivity because they were used in a batch reaction and therefore relied on diffusion to transport the reactants to the immobilized nanoparticles. Operating these membranes under diffusion-limited conditions would be beneficial for applications including permeable reactive barriers where extensive reaction times are common. Based on the batch reaction kinetics, operation under convective flow would require a residence time of 14 min to achieve approximately 71% TCE conversion in the groundwater compared to the 33 h for the batch reaction.
One advantage of these systems over PVDF-PAA-Fe 2þ is that the immobilized nanoparticles will not be displaced by divalent cations permeating through the membrane. As expected, the immobilization of the Fe∕Fe x O y nanoparticles decreased water flux through the PVDF-PAA membranes (Fig. S4) . However, as demonstrated in Fig. 3A , one would expect the presence of multivalent ions in the groundwater feed (pH 7.5 with 0.6 mmol∕ L Ca 2þ ) to lead to an increase in water flux when compared to that of deionized water (pH 5.5). Indeed, this was the case and is an important demonstration of how the responsive behavior of the PVDF-PAA membrane can be utilized to increase the water flux through the membrane even at near-neutral pH with immobilized iron oxide nanoparticles.
We have demonstrated that through the utilization of this reactive, nanostructured, two-membrane stacked system, harmful organic contaminants can be degraded through the addition of a substrate, glucose, which is enzymatically converted to H 2 O 2 , thereby eliminating the need for additional chemical reagents. Additionally, we have shown how a common PVDF-PAA membrane provides an excellent platform for iron ion capture, enzyme immobilization, and ferrihydrite/iron oxide nanoparticle synthesis. The immobilized ferrihydrite/iron oxide nanoparticles proved to be effective for the degradation of a toxic organic contaminant in actual groundwater. The effectiveness of these reactive, nanostructured multimembrane systems presents an opportunity for conducting other complex reaction sequences quickly and efficiently.
Materials and Methods
Materials. Hydrophobic PVDF membranes (450-nm pore diameter, thickness of 125 μm, 75% porosity, as supplied by the manufacturer) and hydrophilic PVDF membranes (650-nm pore diameter, 125 μm thickness, 70% porosity, as supplied by the manufacturer) were purchased from Millipore Corporation. RC membranes were obtained from Sartorius Inc. The enzyme glucose oxidase from Aspergillus niger (GOx, Product No. G0543, MW 160000), β-D(+)-glucose (MW 180), and PLL (MW 105500, with repeat unit MW of 164.5) were purchased from Sigma. PSS (MW 70000, with repeat unit MW of 206), PAH (MW 56000, with repeat unit MW of 93.5), benzoyl peroxide, trimethylolpropane triacrylate (TMPTA), anhydrous toluene, and acrylic acid were purchased from Sigma-Aldrich. The reagents for Bradford assay were purchased from Bio-Rad Laboratories. Unless otherwise noted, the remaining chemicals, were purchased from Fisher Scientific.
RC-LbL-GOx Assembly. LBL assembly in RC membranes (200-nm pore diameter, 125 μm thickness): Epoxide groups were attached in RC membrane by permeating 100 mL of 5% solution of epichlorohydrin in 0.5 M NaOH at 50°C. Then, the epoxide-activated RC membrane was reacted (covalent bonding) with the terminal amine group of PLL by permeating 100 mL of 40-ppm aqueous solution of PLL (4 mg or 0.039 μmol PLL) at 0.07 bar (1 psi) pressure and a pH of 9.3. The subsequent layer formation steps were carried out electrostatically at a working pH of 6 and in the presence of 0.25 M NaCl. The second layer of PSS was attached by permeating 100 mL of a 400-ppm solution of PSS (40 mg PSS, 0.2 mmol of negative charges) at pH 6. The next layer of PAH was formed by permeating 100 mL of a 300-ppm solution of PAH (30 mg PAH, 0.3 mmol of positive charges) at pH 6. After this, two more bilayers of PSS-PAH were attached in the membrane to obtain a net positively charged RC-PLL-ðPSS-PAHÞ 3 membrane. GOx was immobilized electrostatically in this membrane by permeating 100 mL of a 25-ppm solution at pH 6. The GOx immobilized membranes were stored at 4°C. A reaction mixture containing either 0.15 or 1 mmol∕L glucose was prepared in O 2 -saturated 50 mmol∕L sodium acetate-acetic acid buffer of pH 5.5 and permeated through a RC-LbL-GOx membrane under N 2 atmosphere. Permeates were collected and analyzed for H 2 O 2 .
PVDF-PAA-Fe 2þ Membrane Synthesis. A method reported by Gabriel and Gillberg (31) was followed to functionalize the pores of hydrophobic PVDF membrane (450-nm pore diameter, 125-μm thickness) with PAA (PVDF-PAA) by in situ polymerization of acrylic acid. The polymerization solution contained 70 wt % toluene, 30 wt % acrylic acid, 0.5 wt % benzoyl peroxide (initiator), and 1.2 wt % TMPTA (cross-linker) by weight. After polymerization, PAA was converted to Na form by permeating 0.1 M NaOH through the PVDF-PAA membrane. Then, 100 mL of a 3.8 mmol∕L solution of FeCl 2 ·4H 2 O in deoxygenated water (pH of 5-5.5) was permeated to immobilize Fe 2þ . Prior to and after the ion exchange step, the membrane matrix was washed with copious amount of deoxygenated water. Because Fe 2þ is prone to oxidation by O 2 , these membranes were used immediately.
Reactive Nanostructured Stacked Membrane System for TCP Degradation. The composite membrane reactor was formed by stacking the RC-LbL-GOx membrane on top of the Fe 2þ immobilized PVDF membrane in a convective flow cell. A reaction mixture containing either 0.07 or 0.14 mmol∕L TCP and 1 mmol∕L β-D(+)-glucose, simply referred to as glucose in the text, was prepared in O 2 -saturated sodium acetate-acetic acid buffer of pH 5.5, and permeated through the stacked membrane system under N 2 atmosphere.
For details on other materials and methods, please see SI Text.
